Abstract. The present study aimed to identify changes in atrial gene expression induced by sevoflurane and propofol using DNA microarray. The expression profiles of GSE4386 in atrial samples, obtained from patients who had received either the anesthetic gas sevoflurane or the intravenous anesthetic propofol prior to and following off-pump coronary artery bypass graft (CABG) surgery, were downloaded from the Gene Expression Omnibus database. The differentially expressed genes (DEGs) in the sevoflurane and the propofol groups were then identified and compared. Subsequently, a functional enrichment analysis was performed for the DEGs. The interactive functional modules for common, sevoflurane-specific and propofol-specific DEGs were then constructed for analysis of the biological processes. The percentages of common DEGs were 31.3 (275/879) and 94.8% (275/290) in the sevoflurane group and propofol groups, respectively. The functional categories for the common, sevoflurane-specific and propofol-specific DEGs were similar. Overall, two, one, and one functional modules were identified for the common DEGs, propofol specific DEGs and sevoflurane specific DEGs, respectively. DEGs in the modules were involved in cellular processes, including the ʻregulation of transcriptionʼ and ʻregulation of cellular processʼ, which were similar to the functional annotations for the DEGs. Therefore, sevoflurane and propofol may synergistically reduce myocardial reperfusion injury in patients undergoing off-pump CABG surgery.
Introduction
Coronary artery bypass grafting (CABG) surgery is a common cardiac surgical procedure. CABG surgery is performed either with or without cardiopulmonary bypass, referred to as the traditional method of on-pump CABG and the newer off-pump CABG, respectively (1) . A number of studies have confirmed that, compared with on-pump CABG, off-pump CABG has a lower risk of renal damage, myocardial injury, brain injury, stroke, atrial fibrillation and neurocognitive and organ dysfunction (2) (3) (4) (5) . Clinical trials have revealed that off-pump CABG has no significant benefit regarding mortality, stroke or myocardial infarction compared with on-pump CABG, although off-pump CABG may be preferable when patients have contraindications for cardiopulmonary bypass (6, 7) . CABG surgery can lead to ischemic injury due to a transient period of local ischemia with temporary occlusion of the target vessel, particularly in patients with poor cardiac contractile function (8) (9) (10) . Certain cytokines, including interleukin (IL)-6, interferon-γ, high sensitivity C-reactive protein and granulocyte colony-stimulating factor, are released in off-pump CABG surgery to a similar or larger extent than in on-pump CABG surgery (11, 12) . Therefore, perioperative management for off-pump CABG surgery requires improvement to reduce myocardial ischemic-reperfusion damage.
Various interventions, including certain anesthetic agents, prior to and following myocardial ischemia have the potential, to a certain extent, to reduce myocardial ischemic damage and subsequent reperfusion injury (13, 14) . Sevoflurane is a type of inhalational anaesthetic agent, which significantly reduces the size of infarcts and Ca 2+ loading to protect the myocardium against reperfusion injury (14, 15) and has myocardial protective properties for low risk patients, who are undergoing CABG surgery (16) . It has been demonstrated that preconditioning by sevoflurane downregulates platelet-endothelial cell adhesion molecule-1 and upregulates catalase in atrial biopsies from patients undergoing CABG surgery (17) . The levels of IL-6 and IL-8 in the serum are suppressed by sevoflurane, while the IL-10 and IL-1 receptor antagonist, remain significantly increased in patients undergoing CABG (18) . In addition to volatile anesthetics, intravenous anesthetics, including propofol, may also reduce myocardial reperfusion injury in patients undergoing CABG surgery (19) . It has been observed that propofol reduces lipid peroxidation, which is mediated by free radicals, and systemic inflammation in patients with impaired left ventricular function undergoing CABG surgery, with no differences in urinary isoprostane concentrations or leucocyte function (20) . The activities of nitric oxide synthase and phosphoinositide-3-kinase/Akt, which are maintained by propofol, may be partly responsible for reduced ischemic-reperfusion injury (21, 22) . Kottenberg et al (23) revealed that propofol attenuates the effects of remote ischemic preconditioning in patients undergoing CABG surgery (23) and, with a chemical structure similar to that of free-radical scavengers, interferes with remote ischemic preconditioning, since the release of free radicals is necessary to evoke isoflurane-induced preconditioning (24) (25) (26) . There is increasing evidence that sevoflurane and propofol have effective cardioprotective effects, however, the underlying mechanisms of these anaesthetic agents for cardioprotection remain to be elucidated (27) . Lucchinetti et al (28) analyzed the differentially regulated pathways in sevoflurane-and propofol-treated patients by gene expression profiling using a gene set enrichment analysis method (28) . In the present study, common differentially expressed genes (DEGs), propofol-specific and sevoflurane-specific DEGs, were identified. Subsequently, in addition to performing functional annotation of these DEGs, functional analysis of the same DEGs in the selected interactive functional modules was performed. The results of the present study aimed to reveal specific novel mechanisms underlying the cardioprotective effects of sevoflurane and propofol.
Materials and methods
Samples. The expression profiling of GSE4386 produced by Lucchinetti et al (28) and including 40 atrial samples, was downloaded from the National Center of Biotechnology Information Gene Expression Omnibus (http://www.ncbi. nlm.nih.gov/geo/), which was based on the Affymetrix Human Genome U133 Plus 2.0 Array platform (Affymetrix, Santa Clara, CA, USA).
The 40 atrial samples were collected at the beginning and at the end of the off-pump CABG surgery and included 20 atrial samples from 10 patients receiving the anesthetic gas sevoflurane (Sevorane; Abbott, Baar, Switzerland) and 20 atrial samples from 10 patients receiving the intravenous anesthetic propofol (Diprivan 2%; AstraZeneca, Zug, Switzerland). The sevoflurane and propofol were adjusted to maintain the blood pressure and heart rate within 20% of the baseline values (28) . The downloaded expression profiling for the 40 atrial samples were further analyzed to identify DEGs.
Data pre-treatment and DEG identification. The platform annotation file in txt format, provided by Affymetrix, was used to map the association between the probes and the gene symbols. Subsequently, quartile data normalization was performed using the Affy package in the R language (29) and the Multtest package (Bioconductor, Fred Hutchinson Cancer Research Center, Seattle, WA, USA; 30) was used to identify the genes differentially expressed between the samples at the beginning and at the end of surgery in the sevoflurane and propofol groups. The Benjamini-Hochberg procedure (31) was used to adjust the raw P-values into false discovery rate (FDR). FDR<0.05 and |logFC|>1 were used as cut-off criteria in the DEG identification, where FC stands for fold change.
Intergroup comparison of DEGs. Subsequent to obtaining the DEGs in the sevoflurane and propofol groups, the sevoflurane specific, propofol-specific and common DEGs between the two groups were selected. The expression levels of the sevoflurane-specific, propofol-specific and common DEGs in the samples at the beginning of surgery were then compared with those in the samples at the end of surgery using a t-test. P<0.05 was considered to indicate a statistically significant difference.
Functional enrichment analysis for DEGs. Gene ontology (GO) biological process enrichment analyses for the screened DEGs in the sevoflurane and propofol groups were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/), containing analytical tools and bioinformatic resources for the systematic extraction of biological functions (32) . FDR<0.05 was selected as a cut-off criterion. The annotated protein sequences of the DEGs were compared with the proteins in clusters of orthologous groups of proteins (COG; http://www. ncbi.nlm.nih.gov/COG) (33) database using the Basic Local Alignment Search tool (BLASTX) (34) with a cut-off threshold of E<1 x 10 -5
. The common DEGs, propofol-specific DEGs and sevoflurane-specific DEGs were then classified into different functional annotations and COG categories, including cellular component (CC), molecular function (MF) and biological process (BP).
Analysis of interactive function modules for DEGs.
WebGestalt software (Vanderbilt University, Nashville, TN, USA; http://bioinfo.vanderbilt.edu/webgestalt/; 35,36) was used to search for the interactive function modules of DEGs within the cut-off criterion of FDR<0.05. Analysis of the GO biological processes associated with the DEGs in the modules was then performed using Expression Analysis Systematic Explorer software (version 2.0, http://david.abcc.ncifcrf.gov/ ease/ease.jsp) using the threshold of P<0.05.
Results

DEG screening.
The normalized expression profiles were analyzed to identify the DEGs with FDR<0.05 and |logFC|>1. A total of 879 and 290 DEGs were selected in the sevoflurane and propofol groups, respectively. DEG comparison. The DEGs in the sevoflurane group were compared with those in the propofol group. There were 275 common DEGs, 604 sevoflurane-specific DEGs and 15 propofol-specific DEGs (Fig. 1A) . The percentages of the common DEGs were 31.3 (275/879) and 94.8% (275/290) in the sevoflurane and propofol groups, respectively.
The differences in the expression levels were in accordance with the DEG identification (Fig. 1B) . The sevoflurane-specific DEGs were differentially expressed in the sevoflurane group (P= 0.01239) compared with the propofol group (P= 0.214) and the propofol-specific DEGs were differentially expressed in the propofol group (P= 0.02206) compared with the sevoflurane group (P= 0.2243). Furthermore, the common DEGs were differentially expressed in the sevoflurane group (P=2.2 x 10 -16 ) and propofol group (P=2.98 x 10 -14
)
.
Functional categories for DEGs. The ʻresponse to woundingʼ function, involving 72 DEGs, was identified as the most significant GO term of the 879 DEGs in the sevoflurane group and the ʻresponse to organic substanceʼ function, involving 45 DEGs, was the most significant GO term of the 290 DEGs in the propofol group (Fig. 2) . The common DEGs, sevoflurane-specific DEGs and propofol-specific DEGs were analyzed using BLASTX by comparing with the COG database with the E<1x 10
. The results demonstrated that the functional categories in CC, MF and BP for the common, sevoflurane-specific and propofol-specific DEGs were similar (Fig.3) .
Analysis of modules.
Total functional modules of the common DEGs (two total), propofol-specific DEGs and sevoflurane-specific DEGs, with an FDR<0.05, were identified (Fig. 4 ). There were 10 and 18 DEGs in the two functional modules for the common DEGs, including activating transcription factor 3 (ATF3), jun D proto-oncogene (JUND), mitogen-activated protein kinase (MAPK)3, FBJ murine osteosarcoma viral oncogene homolog B (FOSB), jun B proto-oncogene (JUNB) and tumor necrosis factor α-induced protein 3 (TNFαIP3). A total of two upregulated DEGs, including CD93 and leucine rich repeat containing 32 (LRRC32) were involved factor 1 receptor (CSF1R) were also observed in the functional modules for sevoflurane-specific DEGs. The biological processes associated with the DEGs in the modules with P<0.05 were selected (Table I ). The DEGs in these modules were involved in cellular processes, including ʻregulation of transcriptionʼ and ʻregulation of cellular processʼ, which were similar to the functional annotations of the DEGs.
Discussion
Compared with on-pump CABG, the levels of TNFα, heart-type fatty acid-binding protein and creatine kinase-MB are significantly lower in off-pump CABG, suggesting a decreased systemic inflammatory response and reduced myocardial damage (8, 37) . However, off-pump CABG surgery can also lead to ischemic injury (8) . Several studies have identified that, to a certain extent, sevoflurane and propofol are effective cardioprotective anesthetic agents (27, 38) . In the present study, 275 common, 604 sevoflurane-specific and 15 propofol-specific DEGs were identified from expression profiles of atrial samples, which were obtained from patients receiving either the anesthetic gas sevoflurane or the intravenous anesthetic propofol prior to and following off-pump CABG surgery. Functional analysis of the modules for the common, sevoflurane-specific and propofol-specific DEGs revealed that the DEGs in the modules involved with cellular processes, including ʻregulation of transcriptionʼ and ʻregulation of cellular processʼ, were similar to the functional annotations of the DEGs.
A total of 10 and 18 DEGs were present in the first and second functional modules for the common DEGs in the sevoflurane and propofol groups, including ATF3, JUND, JUNB, FOSB, MAP2K3 and TNFαIP3. ATF3 is a member of the activation transcription factor family of transcription factors. It has been demonstrated that ATF3 protects cardiac myocytes against doxorubicin-induced apoptosis (39) . In addition, ATF3 promotes neurite outgrowth in injured neurons (40) and is important in promoting neuronal survival (41) . ATF3 has been observed to interact with JUND, which may protect cells from p53-dependent senescence and apoptosis (42, 43) . Bergman et al (44) demonstrated that nuclear extracts of cardiac fibroblasts from hypoxic rats contained Fos-related antigen 1, JUNB and FOSB, which significantly increase the transcriptional activities of cardiac fibroblasts (44) . Furthermore, discrete activator protein-1 components, including JUNB and FOSB are induced by oxidative stress and mediate the transcription and translation of matrix metalloproteinase 2, which is important in the response of the heart following cardiac ischemic-reperfusion injury (45) . MAP2K3 belongs to the MAP kinase family and is involved in the MAPK-mediated signaling cascade, which is possibly important in the pathogenesis of cardiac and vascular disease (46, 47) . Transfection experiments have confirmed that p38-MAPK is involved in cardiac myocyte apoptosis (48) . Previous studies have demonstrated that single nucleotide polymorphisms in TNFαIP3 are associated with an increased risk of coronary artery disease in type 2 diabetes and of left ventricular hypertrophy in hypertensive patients (49, 50) . The activation of nuclear factor-κB can be inhibited by overexpression of TNFαIP3 to attenuate cardiac myocyte hypertrophy (51, 52) . In the functional modules for propofol-specific DEGs, two upregulated DEGs, CD93 and LRRC32, were involved. A total of eight upregulated DEGs (CISH, PTPN1, SOCS1, IL15Rα, RCAN1, IL6R, DUSP4 and STAT3) and seven downregulated DEGs (CPXM1, FGFR2, FLRT3, IL17RD , IRS1, IL7 and CSF1R) were identified in the functional modules for sevof lurane-specific DEGs. A study by Lucchinetti et al (28) , STAT3 was found to be associated with the granulocyte-colony stimulating factor survival pathway. In the present study, the function of ʻresponse to woundingʼ, which involved 72 DEGs, was identified as the most significant GO term of the 879 DEGs in the sevoflurane group and the ʻresponse to organic substanceʼ function, involving 45 DEGs, was the most significant GO term of the 290 DEGs in the propofol group. The sevoflurane-specific DEGs in the interactive functional modules were also associated significantly with the ʻregulation of cellular processʼ Go term.
However, the genes involved in the molecular mechanisms underlying sevoflurane and propofol cardioprotective effects requires further confirmation at the gene and protein levels using reverse transcription quantitative polymerase chain reaction and western blot analyses. Therefore, subsequent investigations aim to include a cell culture system or animal models to confirm the results of the present study.
In conclusion, sevoflurane and propofol may synergistically reduce myocardial reperfusion injury in patients Table I . Biological processes associated with the differentially expressed genes (DEGs) in the modules for common DEGs, propofol-specific DEGs and sevoflurane-specific DEGs. undergoing CABG surgery, since similarity was observed in the changes in expression induced by sevoflurane and propofol. However, the underlying molecular mechanisms for the effects of anaesthetic agents in cardioprotection require further investigation and confirmation.
